Introduction
Obesity is defined as an expansion of white adipose (WAT) tissue that is associated with low grade inflammation which possibly contributes to the development of health complications such as diabetes, liver pathologies, dyslipidemia, cardiovascular diseases as well as some cancers [2] [3] [4] .
Classically the fat mass expansion results with an increase in the volume (hypertrophy) and the number (hyperplasia) of adipocytes [5, 6] . These morphological changes associate with a myriad of effects including hypoxia, immune cell accumulation [7] and extracellular matrix (ECM) remodeling [8••] . In the past, numerous studies investigating WAT inflammation have shown that the release of pro-inflammatory cytokines, such as TNFα, IL-6 or gp130 cytokines, are implicated in insulin-resistance [9, 10] . However many more pro and antiinflammatory mediators produced by the adipose tissue have been described since then. A differential response in the development of obesity complications exists depending on WAT depot distribution. A proinflammatory pattern typically characterizes visceral WAT. Indeed the visceral WAT which is more inflamed with higher accumulation of macrophages [7] has more detrimental effects than the subcutaneous WAT [11] . However, inflammation is not the only factor contributing to WAT dysfunctions; the effects of hypoxia and fibrosis may also play a role in obesity complications via notably ectopiclipid accumulation in non-adipocyte cells. Indeed, WAT remodeling eventually associated with a limited capacity to adequately expand might induce lipid spill over and this triglyceride accumulation in other depots such as liver or muscle. However, lipid accumulation in non-specialized cells is deleterious and can contribute to cell death resulting in the development of pathology such as NASH (Non-Alcoholic Steatohepatitis) a liver injury associated with obesity [12] .
In this review, we aim to describe the relationships and discussed sequence of events associated with hypoxia, ECM remodeling and inflammation in the development of obesity and associated complications. Whether fibrosis is a cause or consequence of inflammation is presently unknown but will be discussed further.
Extracellular Matrix Remodeling and Fibrosis
The extracellular matrix is essential for the architecture of the tissue and a myriad of associated biological functions. This fibrillar network is composed of many structural proteins, such as collagens, and adhesion proteins, including fibronectin and proteoglycans (perlecan, decorin) [13, 14] . Collagens are crucial for the ECM architecture and particularly collagen I, III and VI are key components in animal tissues. ECM components (i.e., fibronectin or collagens) directly interact with membrane receptors (i.e., integrins), particularly, by influencing cell behavior. Integrins are directly linked to the cytoskeleton. Thus any modification of ECM components can be transmitted via integrins and impact on cell movement during development and proliferation, differentiation, apoptosis.
ECM also modulates the bioavailability of many growth factors. For example proteoglycans sequester biomolecules such as growth factors (TGF-β, VEGF, FGF etc.) and MMPs (Matrix Metalloproteinases). MMPs are proteolytic enzymes highly specialized in the degradation of ECM component [15, 16] and each member of the MMP family is specifically involved in degradation of one or several ECM components. These enzymes are crucial to maintain ECM structure but also for the release of active molecules with various biological functions [16] . For example, the cleavage of collagen XVIII by MMP-9 releases the endostatin fragment [17] which has the ability to inhibit the formation of new blood vessels [18] [19] [20] . Scherrer et al. have also revealed that endotrophin, a collagen VI fragment, is implicated in fibrosis, inflammation and angiogenesis [21] . MMPs can also activate growth factors sequestered in the ECM. For example, inactive pro-TGF-β interacts with fibronectin [22] and thrombospondin [23] . In the context of ECM remodeling, MMP-9 cleaves pro-TGF-β which is rapidly released and activated [24] . The activated form of TGF-β has been shown to be implicated in fibrogenesis [25] by promoting the synthesis of collagen I.
In pathological processes, several organs can be the site of fibrosis accumulation such as the liver, heart, and kidney [26] . Fibrosis is indeed defined as an excessive accumulation of ECM components which is a result of degradation impairment and an excess synthesis of fibrillar components including collagen I, III and VI. The repair process is fundamental for the replacement of dead or injured cells in response to inflammation. This process starts during the regenerative phase where cells are replaced by others. However, if the damage persists, then myofibroblasts are activated and secrete collagens and fibrillar components, in order to replace the normal parenchymal tissue. As a result, fibrotic depots accumulate in tissues.
Thus, while tissue remodeling and fibrosis appearance is initially a physiological and beneficial process for the tissue; fibrosis accumulation sometimes associates with the absence of resolution of inflammation which can be can highly deleterious to organ biological function and homeostasis with time.
WAT and Extracellular Matrix
As all mammalian tissue, WAT is the site of a dynamic remodeling of the elements of the extracellular matrix. This fibrillar network composed of structural protein as collagen I, III and VI and adhesion protein (fibronectin) might play a crucial role in the physiology but also in the pathophysiology of the WAT.
In Physiological Conditions
WAT has a unique plasticity illustrated by its capacity to rapidly expand or to diminish in size to ensure proper systemic energy homeostasis. The first data on the WAT ECM was reported by Napolitano, in 1963, using Transmission Electron Microscopy. Napolitano examined the WAT development in rats and highlighted the presence of fibrillar collagen networks surrounding adipocytes [27] . The ECM can be remodeled in both physiological and pathological conditions. For example, a notable ECM remodeling for WAT function occurs during adipocyte differentiation. Indeed during the differentiation of adipose cell progenitors into mature adipocytes, the collagen I/fibronectin-rich matrix surrounding pre-adipocytes is progressively replaced by a basement membrane mainly composed of collagen IV, laminin, nidogen and perlecan. This remodeling is crucial for the conversion of fibroblast-like cell into an adipocyte, a spherical cell which store triglycerides in the lipid droplets influencing cell size. Thus, culturing 3T3-L1 preadipocytes on a fibronectin-rich matrix strongly inhibits adipocyte differentiation [28] . Conversely, human preadipocytes cultured on a matrigel (mainly composed of basement membrane components) or laminin (the main basement membrane component) display enhanced adipose differentiation [29] .
At the tissue level, a human study performed in healthy and growing children, has shown the importance of collagen accumulation and described a strong negative correlation between the abundance of collagen deposition and adipocyte size [30] . Taken together, these studies emphasize the crucial role of ECM in adipose tissue physiology and development.
In Pathological Conditions Impairment in ECM organization and composition can lead to important WAT dysfunctions. A chronic positive energy balance promoting obesity development induces WAT modifications with adipocyte hypertrophy and hyperplasia, accumulation of inflammatory cells and neovascularization [31] . These morphological modifications lead to ECM remodeling with degradation of the existing ECM and the production of new ECM components. WAT remodeling has been shown in mice consuming a high fat diet for 20 weeks [32] . Strissel et al. have observed an acute collagen deposition associated with an increase of inflammatory markers and the concomitant accumulation of macrophages in WAT.
The examination of the transcriptomic signature of obese WAT has highlighted for the first time the over-expression of many ECM components in obese compared to lean WAT [33, 34] . ECM gene networks were tidily limited with inflammatory gene networks in this set of experiments. Based on the evidence of major expression changes in ECM components, our team has measured the abundance of collagen depots in obese subjects compared to lean ones [8••] . The red picrosirius staining quantification, specific for fibrillar collagens, showed higher collagen deposition in both obese scWAT and visceral WAT compared to lean adipose tissues (Fig. 1) . Periadipocyte accumulation of collagens was particularly characteristic of obesity. Our team has also characterized the collagen deposition and observed an increase in the deposition of collagen I, III and VI in obese individuals.
While accumulation of collagen appears as an important feature in obese WAT, the precise origin of fibrosis accumulation is scarcely understood. Preadipocytes are considered as candidate cells that may play a crucial role in WAT remodeling. Indeed cultures of human preadipocytes with pro-inflammatory macrophages media induces an over-expression and secretion of several collagen types [35] . However, other cell types may also play a role in the accumulation of WAT fibrosis. For example, endothelial cells as epithelial cells can be converted into myofibroblasts via a process named endothelialmesenchymal transition in many tissues [36] . This specific process has not been described in the adipose tissue. Pericytes, the mural cells of blood vessels, provide structural and nutritional support to endothelial cells and also participate to tissue fibrogenesis. In a pathological context, pericytes can detach from the vessel walls, migrate and acquire a fibroblast-like morphology to secrete collagens. This phenomenon has been described in several fibrotic diseases such as in liver [37] and kidney injuries [38] as well as systemic sclerosis [39] . In human WAT, pericytes are poorly characterized but new evidence demonstrated their activation with increased expression of collagen I and TGFβ (V. Pellegrinelli, personal data). Furthermore, endothelial cells in obese visceral WAT subjects were reported to be senescent [40] inducing vascular wall remodeling as a pericyte detachment which could be converted in fibroblast-like cell.
Fibrocytes, a population of fibroblast-like cells present in blood, could also contribute to the growth and maintenance of adipose tissue [41] and their lineage commitment is regulated by TGF-β. Furthermore, it has been shown that fibrocytes participate in wound healing after injury [42] . Thus, during obesity, fibrocytes could invade adipose tissue and actively participate in WAT fibrosis.
Finally, adipocytes could also contribute to the production of fibrosis based on our recent observations showing the presence of peri-cellular fibrosis surrounding adipocytes [8••] , which can be due to an increased synthesis or low degradation of ECM components by the adipocytes. However, cellular actors implicated in WAT fibrosis are poorly defined and more studies are warranted for their characterization. Fibrosis seems implicated in WAT dysfunction and obesity complications. Bioinformatics analysis of WAT transcriptome has demonstrated a strong positive correlation between BMI, WAT inflammation and ECM components [33] . Furthermore, ob/ob mice lacking collagen VI in WAT have significant improvements in their glucose metabolism which is associated with the absence of fibrotic depots and inflammation [43•] . This result highlights the implication of WAT fibrosis in insulin-resistance which has been supported by another study performed in human subjects in which collagen VI expression strongly correlated with glucose metabolism impairment [44•] . Overall, these studies suggest that obesity, WAT inflammation and fibrosis can sometimes be closely related events but the sequences of the events remains to be determined. On the other hand, data reported that overfeeding in healthy men for 2 months leads to collagen deposition and neovascularization in scWAT, with no changes in immune cell accumulation and inflammation suggesting that inflammation and collagen accumulation might not be always linked [45] .
The First Hypothesis: Fibrosis as a Cause of WAT Inflammation
The first hypothesis proposes fibrosis as an early event in obesity and related metabolic disorders such as insulin resistance and a cause of WAT inflammation. This hypothesis is related to experimental data mostly in animal models linking the appearance of adipose tissue hypoxia and the promotion of fibrosis. In such conditions, hypoxia and fibrosis could lead to an adipocyte dysfunction which in turn might induce inflammation as detailed below (Fig. 2) .
Indeed in order to provide oxygen and nutrients to adipocytes, the WAT vascularization is highly developed and each adipocyte is in close contact with capillaries [46] . A very functional vascular network is thus critical for adipose tissue homeostasis. The expansion of WAT in obesity should be accompanied by a proportional increase in the vascularization, in order to provide adequate supply in oxygen and nutrients to the tissue. However, several studies have suggested abnormal oxygen supply in obese WAT for example by measuring the Adipose Tissue Blood Flow (ATBF) or the AT oxygen partial pressure. Using radioactive xenon, a first report in 1966 has demonstrated a reduction in the radioisotope clearance in obese scWAT [47] . Several studies performed in animal models and in humans have confirmed this result. For example, ATBF is reduced in Sprague-Dawley rats using radio-labeled microsphere [48] . More recently, a study using polarographic electrode to measure the subcutaneous tension oxygen has shown that obese scWAT was hypoxic [49] . However, while hypoxia could be associated with obesity development, it does not necessarily associate with insulin-resistance. In a recent study, ATBF was reduced only in obese diabetic Zucker rats and not in non-obese diabetic Goto-Kakizaki rats. However, in another study in humans, the ATBF reduction correlates with the insulinsensitivity state of the subjects [50, 51] .
Molecular regulators of hypoxia are better understood. The HIF1 proteins regulate the response to oxygen availability at the transcriptional level [52] . HIF1 is also tightly regulated at the protein levels. During hypoxia, HIF1 protein is stabilized and can regulate its main target genes which are pro-angiogenic genes such as VEGF A and angiopoietin-2. It has been proposed in several conditions such as metabolic syndrome and diabetes that HIF pathway could be dysregulated [53] . As such the gene expression of HIF1a is up-regulated in scWAT of obese subjects [54] . Immunodetection of HIF1α in ob/ob mice adipose tissue has showed that adipocytes are the cells predominantly expressing HIF1a in WAT [55] . Thus disturbances in HIF1 signaling seem to play a detrimental role in adipocyte function [56•, 57, 58] . Importantly, KO mice targeted for HIF1a adipocytes are protected from the consequence of HFD [57, 58] . Adipocytes secrete angiogenic factors, such as leptin, adiponectin, angiopoietin-2 and VEGF A [46] , which expression is stimulated by HIF1. HFD fed mice overexpressing VEGF A in WAT have also an increase of vessel density and display an improvement of their glucose and lipid metabolism [59] . Overall, these observations suggest a determinant role of oxygen supply as well as the involvement of HIF-related molecular mechanisms in WAT homeostatic function. Furthermore it has been shown that local hypoxia and HIF dysregulation could contribute to fibrosis. In addition to pro-angiogenic genes, the over-expression of HIF1 in mouse WAT induces a significant up regulation of many pro-fibrotic genes such as collagen I, III, VI, CTGF (connective tissue growth factor) and LOX (Lysyl Oxydase) associated with fibrosis appearance. LOX is an enzyme crucial for collagen cross-linking and its overexpression has been shown to be associated in several organs fibrosis [60] [61] [62] and regulated by hypoxia [63] . These mice overexpressing HIF1α showed impairment in glucose metabolism [56•] . LOX seemed to be a crucial component for the formation of WAT fibrosis because the pharmacological inhibition of LOX activity in mice overexpressing HIF1 was associated with a reduction in size of the collagen-laden streaks in scWAT. In such condition glucose metabolism was improved.
The increase in LOX activity induces a collagen crosslinking and thus tissue stiffening. This rigid fibrotic deposition surrounding adipocytes could create hypoxic pockets and increase mechanical stress by expanding adipocytes and leading to necrosis. In such condition, adipocyte deaths create a local inflammation that results in the accumulation of inflammatory cells dedicated initially to remove cellular debris. This phenomenon occurs in chronic inflammation and could self-perpetuate and contribute to the development of insulin resistance.
However, others studies have shown that HIF1α can also activate some inflammatory genes such as the transcription factor NFκB [64] and thus hypoxia could directly induce WAT inflammation without fibrosis. During obesity, the importance of adipocyte necrosis has not been elucidated and the measure of adipocyte turnover. Indeed, analyses of the integration of 14C derived from nuclear bomb tests in genomic DNA of WAT [65] , have not shown any modification in the adipocyte death or generation rate in obese WAT. As a result, the time-course of events seem to be more complicated than expected, especially in the natural progression of obesity in humans.
The Second Hypothesis: Fibrosis as a Consequence of WAT Inflammation
This hypothesis proposes fibrosis as a late event in obesity development and as a consequence of low-grade inflammation Fig. 2 Fibrosis as a cause or consequence of WAT inflammation. This first hypothesis proposes that during weight gain, hypoxia enhances adipose tissue fibrosis that could lead to an adipocyte dysfunction which in turn might induce inflammation. The second hypothesis proposes fibrosis as a late event in obesity development and as a consequence of low-grade inflammation (Fig. 2) . WAT is a crucial endocrine organ which can secrete many adipocytokines such as leptin, [CC] Chemokines Ligand 2 (CCL-2), IL-6 (Interleukine-6) and adiponectin which are implicated in physiological and pathological processes [66] [67] [68] . Obesity is classically associated with chronic and low-grade inflammatory status characterized by immune cell accumulation such as macrophages [7] , mast cells [69] , neutrophils [70] and T lymphocytes [71] which may relate to the development of obesity-induced insulin-resistance [2, 66] . It has been shown that macrophage accumulation precedes or is associated with the development of insulin-resistance in obese animals [72, 73] . The invalidation of genes involved in macrophage recruitment (CCR2 CC Chemokine receptor 2, the CCL2 receptor), inflammatory cytokine production (TNFα), and pro-inflammatory transcriptional activation (NFκB) in several mouse models have revealed a protective effect to a high-fat diet inducing insulin-resistance [72, 74] . Macrophages can exist in different activation states with distinct properties [75] (i.e., pro-inflammatory M1 macrophages and antiinflammatory M2 macrophages). M1 macrophages are crucial for the initial steps of the immune response in order to eliminate pathogens. Conversely, M2 macrophages appear to be important for the final step of the immune response to replace the injured tissue by connective tissue through secretion of profibrotic molecules such as TGF-β or MMP9. Numerous studies have tried to phenotype adipose tissue macrophages (ATMs). However the characterization of the precise phenotype of ATMs remains challenging due to the lack of specific markers for each class of macrophages. Histological analysis have revealed the presence of M1 macrophages in structure named "crown-like structure" surrounding necrotic adipocytes in human and mice [76] . Another study has highlighted the presence of M2 macrophages in the interstitial space between adipocytes in WAT mice [77] . In human WAT, the characterization is more complex and a mixed M1/M2 phenotype has been demonstrated [78] and notably in fibrotic depots [8••] . The presence in WAT of macrophages, mast cells and T lymphocytes participate to reinforce the WAT inflammatory state by secreting cytokines such as TNFα, IFNγ and IL-6; Tlymphocytes are also involved in the development of fibrosis by releasing TGF-β and MMP9. Interestingly, mast cells particularly accumulate in fibrotic WAT depots [69] in humans, but their precise role in the promotion or degradation of fibrosis in human WAT is unknown.
Activin A, is a TGF-β family protein that has profibrotic proprieties [25] . Smad 2 and 3 mediate the pathway of the TGF-β family by binding to the collagen I promoter [79] . Furthermore, neutrophils [80] and macrophages [81] are known to secrete MMP9 which have been shown crucial for the activation of the TGF-β family member [24] . In obese subjects, MMP9 and Activin A have been shown to be over-expressed in WAT [82, 83] and have increased systemic levels [84] (M. Keophiphath, unpublished data). Furthermore, our team has recently shown an activin A over-expression in inflammatory preadipocytes [85] which then can act on cells via the Smads pathway by inducing collagen expressions.
In this hypothesis, inflammation is due to the accumulation of immune cells as an early event in obesity development. The secretion by immune cells of pro-fibrotic factors such as activin A and MMP9 are both crucial for ECM remodeling leading to fibrosis.
Recently, using a time-course microarray study during a diet-induced obesity in mice, Kwon et al. have revealed that inflammatory related-genes are over-expressed in visceral WAT prior to genes being selected for fibrosis formation [86] . This result seems to validate the hypothesis that fibrosis is a late event in obesity development and influenced by local adipose tissue inflammation.
Conclusion
There is a close relationship between WAT inflammation and fibrosis [2] with accumulating evidence indicating that WAT dysfunction contributes to obesity associated complications [87, 88] . However, the time-course of the events is not yet fully established. Different studies have generated two main hypotheses. The first hypothesis proposes that local adipose tissue hypoxia induces fibrosis promoting adipocyte necrosis in order to renew the cells. Subsequently, in order to remove cellular debris, immune cells, such as macrophages and T lymphocytes, are recruited and induce a low-grade inflammation which can self-perpetuate over time. The second hypothesis proposes that adipose tissue expansion produces immune cell accumulation which elicits a low-grade inflammation. Fibrosis is defined as a process induced in the context of an unresolved chronic inflammation [26] . Therefore, the accumulation of immune cells, by secreting pro-fibrotic molecules, which induces the activation of fibrosis-producing cells and also the removal of dead cells, could participate in fibrosis accumulation.
One of the hypotheses concerning the link between obesity and type 2 diabetes proposes that insulin-resistance is induced by pro-inflammatory cytokines such as TNFα and IL-6 [89] . However, Vidal-Puig and Virtue have proposed a new theory, "the adipose tissue expendability ", based on the concept that subcutaneous WAT has a limited capacity to expand [90] . When WAT storage is exceeded mechanical limitations such as ECM remodeling could occur. Thus, in this hypothesis, WAT fibrosis limits adipose tissue expansion, thereby; excess lipids cannot store anymore and are directed to ectopic sites such as liver and muscle. Then in these tissues, lipids exert toxic effects and induce insulin-resistance. Currently, this theory has not yet been fully confirmed but supportive evidence is in line with the "adipose tissue expendability theory".
Mice deleted for collagen VI, one of the main collagen implicated in WAT fibrosis, on an ob/ob background have more fat mass but develop less insulin-resistance [43•] . Furthermore, a human study has revealed a positive correlation between collagen VI expression in scWAT and glucose metabolism impairment [44•] .
Finally, the sequence of events such as WAT hypoxia, inflammation and fibrosis leading to obesity complications are poorly understood and more kinetic studies on obesity development, notably in humans such as that performed in [86] , are necessary to understand the development of obesity complications.
